Objective: The survival benefit of prone positioning during mechanical ventilation for acute respiratory distress syndrome has been a matter of debate. Recent multicenter randomized controlled trials have shown a significant reduction of 28-day and 90-day mortality associated with prone positioning during mechanical ventilation for severe acute respiratory distress syndrome. We performed an up-to-date meta-analysis on this topic and elucidated the effect of prone positioning on overall mortality and associated complications. Data Sources: PubMed, EMBASE, BioMed Central, Cochrane Central Register of Controlled Trials, ClinicalTrials.gov, and conference proceedings through May 2013. Study Selection: Randomized controlled trial comparing overall mortality of prone-versus-supine positioning in patients with acute respiratory distress syndrome. Data Extraction: Data were extracted for populations, interventions, outcomes, and risk of bias. The prespecified primary endpoint was overall mortality, using the longest available follow-up in each study. The odds ratio with 95% CI was the effect measure. Data Synthesis: This analysis included 11 randomized controlled trial, 2,246 total adult patients, and 1,142 patients ventilated in the prone position. Prone positioning during ventilation significantly reduced overall mortality in the random-effect model (odds ratio, 0.77; 95% CI, 0.59-0.99; p = 0.039; I 2 = 33.7%), and the effects were marked in the subgroup in which the duration of prone positioning was more than 10 hr/session, compared with the subgroup with a short-term duration of prone positioning (odds ratio, 0.62; 9% CI, 0.48-0.79; p = 0.039; p interaction = 0.015). Prone positioning was significantly associated with pressure ulcers (odds ratio, 1.49; 95% CI, 1.18-1.89; p = 0.001; I 2 = 0.0%) and major airway problems (odds ratio, 1.55; 95% CI, 1.10-2.17; p = 0.012; I 2 = 32.7%). Conclusions: Ventilation in the prone position significantly reduced overall mortality in patients with severe acute respiratory distress syndrome. Sufficient duration of prone positioning was significantly associated with a reduction in overall mortality. Prone ventilation was also significantly associated with pressure ulcers and major airway problems. (Crit Care Med 2014; 42:1252-1262) Key Words: acute lung injury; acute respiratory distress syndrome; meta-analysis; prone position; randomized controlled trial P rone positioning during mechanical ventilation for acute respiratory distress syndrome (ARDS) has a robust scientific background. Previous randomized controlled trials (RCTs) have demonstrated that prone positioning results in a significant improvement of oxygenation in patients with acute hypoxemic respiratory failure, as measured by the ratio of Pao 2 to the Fio 2 (1) (2) (3) . Despite these physiologic benefits, several RCTs reported no improvement of patient survival with prone positioning (1, 2, 4, 5) . However, post hoc analysis of the first RCT carried out by Gattinoni et al (1) , which compared prone and supine ventilation in patient with acute respiratory failure, demonstrated that prone positioning reduced mortality by 10 days in the subgroup of patients with the highest disease severity (Simplified Acute Physiology Score [SAPS ii] ≥ 50). Furthermore, selected meta-analyses, which included the severest subgroup of patients (by SAPS ii score or Pao 2 / Fio 2 < 100 mm Hg), revealed similar findings (6) (7) (8) . A recently published multicenter trial by Guérin et al (9) showed significant mortality reduction associated with prone positioning for patients with severe ARDS, as defined by Pao 2 /Fio 2 less than or equal to 150 mm Hg with positive end-expiratory pressure (PEEP) more than or equal to 5 cm H 2 o.
We performed a systematic review and comprehensive meta-analysis of RCTs to compare the efficacy (reduction of overall mortality) and safety (adverse events) of prone versus supine positioning during mechanical ventilation for ARDS. We also evaluated a chronological trend of pooled estimates of prone positioning by cumulative meta-analysis and the effect of strength of the intervention (i.e., actual duration of prone positioning) to the pooled estimates by meta-regression.
METHODS

Data Sources and Searches
Pertinent published or unpublished studies were independently searched in PubMed, EMBASE, BioMed Central, Cochrane Central Register of Controlled Trials, and the United States National institutes of Health registry of clinical trials (http://www.clinicaltrials.gov), using the following MeSH and key word terms: "acute respiratory distress syndrome" or "acute lung injury," and "prone position" or "prone positioning," and "randomized controlled trial" or "randomized trial" or "randomized clinical trial" (10, 11) . Additional data sources included conference proceedings from the American Thoracic Society (1994-2013), the Society of Critical Care Medicine (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , the European Society of intensive Care Medicine (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , the American College of Chest Physicians (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , and the international Symposium on intensive Care and Emergency Medicine (1997-2013). There was no language restriction (12) .
Study Selection
We included studies that met the following criteria: adult patients with acute hypoxemic respiratory failure (Pao 2 /Fio 2 ≤ 300 mm Hg), including acute lung injury (ALi) and ARDS, who were under mechanical ventilatory support; all studies that randomly assigned patients to two or more groups, including prone or supine positioning, during ventilation; and all-cause mortality was reported regardless of the timing of data collection. We excluded RCTs conducted on pediatric patients and randomized crossover trials that assigned patients to both prone and supine groups.
Data Extraction and Quality Assessment
Summary data as reported in the published articles were used in the analysis. A standardized form was used to extract trial characteristics, study design (including randomization sequence generation, allocation concealment, crossover between assigned groups, number of postrandomization withdrawals, or lost to follow-up), number of study patients, age, duration of prone positioning, mean Pao 2 /Fio 2 ratio at enrollment, disease severity assessed by SAPS ii or Sequential organ Failure Assessment score, length of follow-up, and mortality/adverse events data reported on an intention-to-treat basis. Since all published meta-analyses confirmed improvement of oxygenation with prone positioning ventilation, we focused our analysis on the effect of prone positioning on both overall mortality and adverse events associated with the prone position during mechanical ventilation. The quality of eligible RCTs was assessed using the Cochrane Collaboration's tool for assessing the risk of bias for RCTs (Supplementary Table 1 , Supplemental Digital Content 1, http://links.lww.com/CCM/A826) (13) . Because most previous meta-analyses reported the methodological quality of each trial using the Jadad score, we also provided this score, as well as the Cochran Collaboration's tool, for each RCT (14) . Two investigators independently evaluated the studies, abstracted data on methods and outcomes, and assessed the risk of bias. The last search was performed in May 2013.
Outcomes and Definitions
The primary outcome measure was overall mortality at the longest available follow-up. Secondary outcome measures included mortality stratified according to the duration of prone position (long duration group, ≥ 10 hr/session; short duration group, < 10 hr/session), whether there was lung protective ventilation (V T ≤ 10 mL/kg), and adverse events (ventilator-associated pneumonia, newly developed pressure ulceration after prone positioning, major airway problem including unplanned extubation, selective intubation into the main bronchus, endotracheal tube obstruction, loss of venous or arterial access line, dislodgement/kinking of the thoracostomy tube, pneumothorax, cardiac arrest after position change, or tachyarrhythmia or bradyarrhythmia).
Data Synthesis and Analysis
The primary outcome was analyzed by both random-and fixedeffect models. odds ratios (oRs) with a 95% Ci were presented as summary statistics. The pooled oR was calculated with the DerSimonian and Laird method for random effects and the Mantel-Haenszel method for fixed effects (15, 16) . The number needed to treat to prevent overall mortality was calculated from an inverse of pooled risk difference in random-effect model. Because primary study designs, such as study population, planned duration of prone positioning, and clinical practice patterns, have progressively changed, we evaluated the impact of publication date on the overall effect of pooled oRs for prone ventilation by a cumulative meta-analysis. Exploratory metaregressions were performed to assess the relationship between the effect size (log oR) and daily duration of prone positioning. Stratified subgroup analyses were done to assess treatment effects according to a short or long duration of prone positioning, lung protective ventilation, patient populations with ARDS only or mixed with ALi, severity of patient population by the means of Pao 2 /Fio 2 ratio, concomitant use of high-frequency oscillatory ventilation (HFoV), and adequacy of concealment allocation; in addition, tests for interaction were derived from randomeffects meta-regression. Statistical heterogeneity was assessed by Cochran's Q via a chi-square test and was quantified with the I 2 test (17). We considered statistical heterogeneity to be low for I 2 = 0-40%, moderate for I 2 = 30-60%, substantial for I 2 = 50-90%, and considerable for I 2 = 75-100%. Publication bias was assessed by funnel plot asymmetry, along with Egger and Begg test. The κ statistic was used to assess agreement between investigators for study selection. Results were considered statistically significant at two-sided p value of less than 0.05. Statistical analysis was performed with the use of STATA/SE 10.1 (Stata Corp LP, College Station, TX). The study was performed in compliance with the Preferred Reporting items for Systematic Reviews and Meta-Analyses guidelines and the review protocol has not been registered (Supplementary Table 2 , Supplemental Digital Content 1, http://links.lww.com/CCM/A826) (18) .
RESUlTS
Search Results and Trial Characteristics
We identified 2,675 citations; 36 studies were retrieved for detailed evaluation; and 11 RCTs met inclusion criteria (Fig. 1)  (1-5, 9, 19-23 (20) . Among the 11 RCTs, none of trials were double-blinded. However, blinding of patients and caregivers was impossible in these trials to evaluate prone ventilation, and the authors judged that the outcome is not likely to be influenced by lack of blinding. All of the trials with one exception kept the concealed allocation (1-5, 9, 19, 21-23) .
Earlier trials, published before 2005 (1, 2, 19), included patients with a wide spectrum of disease severity (n = 1,159; both ALi and ARDS), no use of lung protective ventilation, and a relatively short period of prone positioning (< 10 hr/session). Later trials, published after 2005 (3-5, 9, 20-23), enrolled more homogeneous patient populations with regard to disease severity (n = 1,087; only patients with ARDS); lung protective ventilation was used; and prone positioning duration was longer (11-20 hr/session). Patients in three RCTs had severe ARDS (Pao 2 /Fio 2 ≤ 150 mm Hg with PEEP ≥ 5 cm H 2 o) (9, 21, 23) . Two trials that used prone positioning with HFoV were included because there were comparative controls subjected to the same method of HFoV (21, 23) .
Effect on Mortality
This meta-analysis included 11 RCTs (Fig. 1) (1-5, 9, 19-23 ). All provided mortality data. Figure 2 presents the pooled (23) enrolled only patients with ARDS; however, the sample size was insufficient to shift the pooled estimates. Since each included study reported mortality at a different time point, exploratory stratified analysis according to each time point (iCU mortality, at 28, 90, and 180 d) was performed. Although there were trends of reduced iCU mortality at 28 and 90 days for the prone positioning group, statistical significance was not achieved, possibly due to a limited sample size of each pooled analysis (Supplementary Fig. 5 , Supplemental Digital Content 1, http://links.lww.com/CCM/A826).
Duration of Prone Positioning
All studies provided data regarding planned and actual duration of prone positioning. Exploratory meta-regressions that assessed the relationship between the actual duration of prone positioning and the effect size in the included trials are shown in Figure 3 . Although a negative trend for overall mortality was observed when the actual duration of prone positioning was longer, the effect of the duration of prone positioning on mortality did not achieve statistical significance (regression coefficient -0.037; 95% Ci, -0.089 to 0.013; p = 0.130).
Subgroup Analysis
The results of subgroup analysis are presented in Figure 4 . The overall treatment effect of prone positioning was consistent for each event, regardless of whether a random-or fixed-effects model was used. interestingly, there were significant interactions across the subgroup for lung protective ventilation (p interaction = 0.015), less than 10 hr/session of prone positioning (p interaction = 0.015), and the homogeneous patient population with ARDS only (p interaction = 0.021). The effects of prone positioning were significantly different among these subgroups. Studies of short-term prone ventilation (< 10 hr/session) (1, 2, 19) did not show mortality reduction (oR, 1.04; 95% Ci, 0.80-1.36; p = 0.757; I 2 = 10.7%); however, studies with a duration of prone ventilation more than 10 hr/session (3-5, 9, 20-23) showed a significant reduction in overall mortality (oR, 0.62; 95% Ci, 0.48-0.79; p < 0.001; I 2 = 0.0%) (Supplementary Fig. 6 , Supplemental Digital Content 1, http://links. lww.com/CCM/A826). As anticipated, subgroup analysis of lung protective ventilation showed the same results (Fig. 4 and Supplementary Fig. 7 , Supplemental Digital Content 1, http:// links.lww.com/CCM/A826). in addition, prone positioning had no significant effect in the studies that included patients with variable disease severity (all ALi or hypoxemic patients: oR, 1.02; 95% Ci, 0.76-1.36; p = 0.920; I 2 = 14.9%). However, prone positioning significantly reduced overall mortality in the studies that included populations that were homogenous and had severer disease (ARDS only: oR, 0.62; 95% Ci, 0.48-0.80; p < 0.001; I 2 = 0.0%) (Fig. 4 and Supplementary Fig. 8 , Supplemental Digital Content 1, http://links.lww.com/CCM/A826). The effect of prone positioning was significant in the subgroup with a Pao 2 /Fio 2 ratio less than 150 mm Hg (oR, 0.72; 95% Ci, 0.55-0.95; p = 0.021; I 2 = 21.5%), whereas the subgroup with a Pao 2 /Fio 2 ratio more than 150 mm Hg did not show similar results. However, significant interaction was not observed (p interaction = 0.635). There were no significant interactions among the other subgroups with regard to HFoV usage and adequacy of allocation concealment. The effect of prone positioning on mortality reduction was robust even after exclusion of the lower quality study (20) (Fig. 4) . Table 2 summarizes adverse events. Prone positioning increased the risk of pressure ulcers (oR, 1.49; 95% Ci, 1.18-1.89; p = 0.001; I 2 = 0.0%). Major airway problems, including unplanned extubation, selective intubation into the main bronchus, and endotracheal tube obstruction, also significantly increased with prone positioning (oR, 1.55; 95% Ci, 1.10-2.17; p = 0.012; I 2 = 32.7%); this was primarily driven by an increased risk of endotracheal tube obstruction (oR, 2.16; 95% Ci, 1.53-3.05; p < 0.001; I 2 = 0.0%). Although major airway problems significantly increased with prone positioning, none of the included trials reported fatal consequences from a major airway problem. There was no significant association between prone positioning and the prevalence of ventilator-associated pneumonia, loss of venous or arterial access, thoracostomy tube problems, pneumothorax, cardiac arrests, or clinically significant arrhythmic events (Table 2) .
Adverse Events
DISCUSSION
The results of this meta-analysis indicate that prone positioning in mechanical ventilation for patients with acute hypoxemic respiratory failure reduced overall mortality. The effect of prone positioning was clearer in the ARDS population, compared with the wider spectrum of disease severity including both ALi and ARDS cases. The effect was also clearer in patients with a longer duration (≥ 10 hr/session) and in patients with concomitant usage of lung protective ventilation. Conversely, prone positioning showed significant associations with pressure ulcers and major airway problems.
This study included a larger number of RCTs than previous meta-analyses (8, 24, 25) . Among those studies, seven were underpowered due to a sample size inadequate to detect potential differences in mortality (n = 343) (3, 4, (19) (20) (21) (22) (23) . Four major trials (1, 2, 5, 9) (n = 1,903) were included in the analysis; however, two (1, 2) included patients with a wide range of disease severity (ALi and ARDS), no lung protective ventilation, and a relatively short duration of prone positioning (4-7 hr/session). Although the Prone-Supine ii trial (5) included only patients with ARDS receiving lung protective ventilation and more than 18 hours of prone positioning, its results revealed a nonsignificant trend of mortality benefit of prone positioning up to 6 months (47.0% vs 52.3%; relative risk [RR], 0.90; 95% Ci, 0.73-1.11; p = 0.33). it is noteworthy that patients were ventilated in the prone position for 51% of patient-days among those enrolled in the prone group of the Prone-Supine ii trial. in addition, 12 patients (11.5%) in the supine group were ventilated in the prone position as a rescue maneuver. Both of these may account for the negative conclusions in the Prone-Supine ii trial (5) . Conversely, the recently published Proning Severe ARDS Patients (PRoSEVA) trial (9) enrolled patients with severe ARDS (Pao 2 /Fio 2 < 150 mm Hg), and the intervention was more uniformly applied. They reported a significant reduction in 28-day and 90-day mortality from the prone position (hazard ratio [HR], 0.39; 95% Ci, 0.25-0.63; p < 0.001 for 28-day mortality; HR, 0.44; 95% Ci, 0.29-0.67; p < 0.001 for 90-day mortality). Possible explanations for the positive results of the PRoSEVA trial are that it enrolled a more homogenous patient population with more severe ARDS and that it provided a longer duration of prone positioning with no crossover between the prone and supine groups. Previous metaanalyses showed a nonsignificant trend of mortality reduction in the overall pooled estimate; however, a significant reduction in mortality was observed in the subgroup of patients with the severest disease (Pao 2 /Fio 2 < 100 mm Hg or patients with ARDS only) (8, 24) . in addition, a recent meta-analysis by Abroug et al (24) explored a nonsignificant negative association between the duration of the prone position during ventilation and overall mortality in patients with acute respiratory failure. The current meta-analysis reinforces these results. The effects of the prone position were different according to the patient population (ALi/ARDS vs ARDS only) and duration of the prone position (short-term vs long-term) with significant interaction between the subgroups. These results might support the importance of judicious patient selection for prone positioning (Pao 2 /Fio 2 ratio < 150-200 mm Hg) and the adequate application of prone positioning (≥ 10 hr/session). Alveolar recruitment during prone positioning, which is one of the potential beneficial mechanisms, is primarily dependent on the duration of this maneuver (24, 26) . our results of meta-regression did not reach statistical significance; however, we were able to observe a negative trend for overall mortality with a longer duration of prone positioning. The results of this study regarding the optimal duration of prone positioning remain theoretical; thus, further studies are warranted to determine the optimal duration.
Adverse Events
A significant increase in pressure ulcers and major airway problems occurred with prone positioning. Neither the prevalence of unplanned extubation nor selective intubation into the Figure 3 . Meta-regression analysis of the effect of actual duration of prone positioning on overall mortality. Log odds ratio plotted according to actual duration of prone positioning (hr/session) with summary random-effects meta-regression. The strong but insignificant negative association between the actual duration of prone positioning and the overall mortality is observed (regression coefficient, -0.037; p = 0.130). Each trial included is represented by a circle proportional to its weight in the meta-analysis. main bronchus differed between prone and supine positioning. However, the prevalence of endotracheal tube obstruction significantly increased with prone positioning; this result was similar to that of a study by Sud et al (8) . Contrary to the findings of the Prone-Supine ii trial, which reported a higher prevalence of adverse events in the prone position group (including increased sedation, transient desaturation or hypotension, and loss of venous access or thoracostomy tube), the more recent PRoSEVA trial showed no significant difference between the two groups with regard to transient desaturation or hypotension. These discrepancies in adverse events might be due to different protocols for prone positioning among the various iCUs (8, 27) . Together with the previous RCTs and meta-analyses, our findings suggest that prone positioning during ventilation can be harmful and is a complicated procedure that requires a coordinated, highly skilled team effort (28) . Although our meta-analysis supports a significant reduction in overall mortality in patients with ARDS, the risk of adverse events should be carefully considered during the decision-making process, especially in iCUs with less experience in prone positioning.
limitations
This meta-analysis included clinically and methodologically diverse studies. Although we included only RCTs for the final analysis and statistical heterogeneity was insignificant, there were some differences in the enrollment criteria and the target population of each study. Furthermore, different endpoint times were used for mortality evaluation (up to 180 d after admission). Because this study was a study-level meta-analysis, individual patient data were not included in the analysis; therefore, we could not adjust for patient-level confounders.
CONClUSIONS
The use of prone positioning during mechanical ventilation for patients with acute hypoxemic respiratory failure resulted in a significant reduction of overall mortality. The effect of prone positioning was more obvious in patients with ARDS who underwent a longer duration of prone ventilation and lung protective ventilation strategy. The prevalence of pressure ulcers and major airway problems was significantly higher in the prone positioning group. Before using prone positioning, the risks and benefits for that particular patient with ARDS should be carefully weighed.
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